Introduction
Systemic sclerosis (SSc) is a systemic, inflammatory and autoimmune disease characterized by immune activation, vasculopathy and fibrosis that is highly heterogeneous in its multisystem clinical manifestations and follows a variable and unpredictable course [1] . Whether presenting in the limited or diffuse form, the progressive fibrotic process, which is a pathologic hallmark of the disease, tends to involve the skin and multiple organ systems, such as the gastrointestinal tract, kidneys and lungs [2] . The heart is one of the major organs involved in SSc and the presence of cardiac involvement generally portends poor prognosis for the patient. Various cardiovascular complications may occur in the natural clinical course of SSc, including rhythm disturbance, pulmonary hypertension and autonomic nervous system (ANS) dysfunction [3, 4] . Although cardiac involvement can be demonstrated by using sensitive tools in most SSc patients, it is often underestimated due to the occult nature of the signs and symptoms [5] . When cardiac involvement becomes clinically evident, it is recognized as a poor prognostic factor [6, 7] and has been shown to be associated with high mortality (70%) at 5 years [8] . Hence, the recognition of cardiac dysfunction in affected individuals is important and may influence the overall favorable prognosis.
Heart rate recovery (HRR) after graded exercise is one of the commonly used techniques that reflects autonomic activity [9, 10] . Sympathetic activity increases during exercise and diminishes during recovery, meaning previously suppressed parasympathetic activity becomes dominant during recovery and reduces the heart rate (HR). This decline is blunted by decreased myocardial function and reduced exercise capacity. Several studies have shown that an abnormal HRR, defined as a failure of the HR to decrease by 12 beats or more during the first minute after peak exercise, independently predicts increased cardiovascular and all-cause mortality rates [11, 12] .
ANS functions have been previously assessed in SSc using cardiovascular reflex tests [13] , HR variability (HRV) [14, 15] and HR turbulence (HRT) [16] . However, HRR in SSc patients has not been evaluated. Furthermore, because HRR can be measured more easily and results are much simpler to interpret than HRV and HRT, the present study aimed to evaluate ANS function using HRR indices in SSc patients compared to control subjects.
Subjects and Methods

Study Population
One hundred and sixty patients with SSc diagnosed according to American College of Rheumatology [17] and/or LeRoy's classification criteria [2] were enrolled in this study. All subjects had a complete history taken and physical examination performed. Exclusion criteria were patients with diabetes mellitus, hypertension, dyslipidemia, chronic renal failure, chronic liver disease, neurologic diseases, known coronary artery or structural heart disease, pulmonary hypertension, rhythm abnormalities, chronotropic incompetence, drug use which has effects on the autonomic system (such as antiarrhythmics, tricyclic antidepressants and antipsychotics), and cigarette smoking. Chronotropic incompetence was diagnosed when HR failed to reach 85% of the age-predicted maximal HR when measured during an incremental exercise test. Spirometry and carbon monoxide diffusing capacity (DLCO) were performed in all patients, and those whose forced vital capacity was ≤ 80% of predicted and whose DLCO was ≤ 80% of predicted were also excluded [18] . Based on the exclusion criteria, a total of 35 SSc patients were suitable and were included in the study. Thirty-five volunteers matched for age and sex with no previous history of cardiac disease served as the control group. Both the patients and controls were all white Turks. All patients were categorized in the New York Heart Association class I. Patients were classified as having diffuse or limited SSc according to the extent of cutaneous involvement (diffuse SSc: skin thickening proximal to the elbow and/ or knee, with or without face and neck involvement; limited SSc: skin sclerosis confined to digits and small areas of the head and the neck) [17] . Electrocardiography (ECG), treadmill exercise testing and transthoracic echocardiography were performed in all patients. The study was approved by the institution's ethics committee, and patients gave their informed written consent.
Treadmill Exercise Testing
Treadmill exercise testing was done in all patients using the modified Bruce protocol. Mason-Likar modification of 12-lead ECG [19] was continuously recorded at a paper speed of 25 mm/s. All patients achieved an exercise time of more than 6 min, and a maximum HR (MHR) of at least 85% of the age-predicted MHR response. After achieving their peak workload, all patients spent at least 3 min recovering without a cool-down period. Exercise capacity was measured in metabolic equivalent levels (METs) at peak exercise. HRR indices were calculated by subtracting the first-, second-and third-minute HR from the MHR obtained during stress testing and were designated as HRR1, HRR2 and HRR3, respectively. HR reserve was determined as the change in HR from rest to peak exercise during the exercise test. Impaired HRR was described as a decrease in HR from peak exercise to 1 min of recovery of <12 beats per min (bpm).
Transthoracic Echocardiography
Standard echocardiographic imaging was performed in the left lateral decubitus position using a commercially available system (Vingmed System Five; GE Vingmed Ultrasound, Horten, Norway). Images were obtained using a 2.5-to 3.5-MHz transducer in the parasternal and apical views. Left ventricular end-diastolic and end-systolic diameters were determined with M-mode echocardiography under two-dimensional guidance in the parasternal long-axis view, according to the recommendations of the American Society of Echocardiography [20] . Left ventricular ejection fraction was calculated from the apical four-chamber view, according to the modified Simpson's rule [20] . Pulsed-wave Doppler was performed in the apical 4-chamber view to obtain mitral inflow indices to assess left ventricular filling according to the recommendations of the American Society of Echocardiography [21] . Measurements of mitral inflow included the peak early filling (E-wave) and late diastolic filling (A-wave) velocities, the E/A ratio, deceleration time (DT) of early filling velocity, and the isovolumic relaxation time (IVRT), derived by placing the cursor of the continuous-wave Doppler in the left ventricular outflow tract to simultaneously display the end of aortic ejection and the onset of mitral inflow. Pulmonary systolic arterial pressure was estimated using continuous-wave Doppler as the peak regurgitation velocity plus an assumed right atrial pressure in relation to the size and respiratory excursion of the inferior cava vein visualized in the subcostal view [20] . 
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Statistical Analysis
Statistical analyses were performed using SPSS for Windows 15 (SPSS Inc., Chicago, Ill., USA). Numerical variables with a normal distribution are presented as the mean ± standard deviation and numerical variables with a skewed distribution are presented as the median with minimum and maximum range, and categorical variables were presented as percentages. For numerical variables, an independent-sample t test and Mann-Whitney U test were used for intergroup comparisons. χ 2 test and Fischer's exact χ 2 test were used for comparisons of categorical variables. Two-tailed p values <0.05 were considered as significant.
Results
General Characteristics of the Study Population
The baseline characteristics of the study population are shown in table 1 . In the SSc group, the mean disease duration was 9.1 ± 3.8 years (range 3-23.9). There was no statistically significant difference between the patient and control groups in terms of age, sex, systolic and diastolic blood pressures, resting HR and body mass index. All patients and control-group participants had normal left ventricular ejection fraction (mean 66.5 ± 5.1 vs. 67.7 ± 5.9%, p = 0.40) and pulmonary systolic arterial pressure (24.0 ± 5.0 vs. 23.3 ± 6.4 mm Hg, p = 0.65). Mitral E-wave, A-wave, DT and IVRT were similar in the two groups. Of the 35 SSc patients, diffuse SSc was diagnosed in 19 (54%) and limited SSc in 16 (46%). The main clinical, laboratory and serologic data of the SSc patients are shown in table 2 ; 45.7% had a digital ulcer and 57.1% had Raynaud's phenomenon. The mean white blood cell count was 6,280 ± 2,160 cells/μl, the median C-reactive protein value was 0.35 mg/dl (range 0-2.68) and the median erythrocyte sedimentation rate was 15 mm/h (range 3-71).
Exercise Test Parameters and HRR Indices
All patients and control subjects had a normal resting 12-lead ECG. All subjects completed the exercise stress test without any complications. No rhythm abnormalities or ischemic changes were observed during the ECG stress test in either group. The duration of the treadmill exercise test (8.9 ± 2.3 vs. 9.0 ± 2.1 min), peak exercise capacity (11.9 ± 2.3 vs. 12.0 ± 2.4 METs), HR reserve (66.2 ± 11.9 vs. 70.9 ± 9.5 bpm) and MHR (153.6 ± 5.8 vs. 155.1 ± 6.3 bpm) were similar in the SSc and control groups ( table  3 ) . The mean HRR1 (21.8 ± 4.4 vs. 27.7 ± 4.3 bpm, p = 0.001), HRR2 (43.8 ± 6.3 vs. 47.6 ± 4.4 bpm, p = 0.004) and HRR3 (58.8 ± 10.3 vs. 63.6 ± 7.3 bpm, p = 0.031) values were significantly lower in the SSc group than in the control group ( fig. 1 ). 20 The comparison of the exercise test parameters and HRR indices between the limited SSc and diffuse SSc subgroups revealed that the duration of exercise test, peak exercise capacity and MHR were similar ( table 4 ). The mean HRR1, HRR2 and HRR3 values were also similar in both these subgroups ( fig. 2 ).
Discussion
The main finding of the present study is that HRR in the first, second and third minute of the recovery period after maximal exercise testing was lower in patients with SSc than in healthy controls, and HRR indices were similar between the limited and diffuse SSc subgroups. Exercise is associated with increased sympathetic and decreased parasympathetic activity. The period of recovery after exercise is accompanied by further dynamic changes in autonomic tone which are clinically characterized by the gradual return of the HR to its resting level. Recovery of the parasympathetic system dominance plays a major role in this gradual return. HRR after graded exercise is one of the commonly used techniques that reflects autonomic activity [9, 22] . An attenuated HRR, which is defined as a reduction in the decrease in HR immediately after exercise, reflects reduced parasympathetic nervous Values represent mean ± standard deviation. DBP = Diastolic blood pressure; SBP = systolic blood pressure. [23, 24] . Upon cessation of exercise, augmentation of the parasympathetic effects on HR occurs rapidly within the first minute [22, 25] . In the later stages of recovery, the reduction in sympathetic system regression and dominance of the parasympathetic system causes a decrease in further reduction in HR. This could be the reason why HRR1 was the most statistically significant parameter in our study. During the first minute of recovery, an HR decrease of greater than 20 bpm was found in both groups and this rate of decrease reduced during the second and third minutes of recovery. Moreover, the significance level of HRR2 and HRR3 also decreased compared to HRR1. The significance of HRR1, which was affected more dominantly by the parasympathetic system, between the SSc and the control groups can be considered as another marker representing autonomic dysfunction in the SSc group. The findings of our study are consistent with a previous study that researched ANS involvement in rheumatologic, autoimmune or inflammatory diseases and its reflection on the cardiac system [26] . Furthermore, the finding that there was no difference in limited and diffuse SSc HRR was consistent with other studies that used HRT [16] , HRV and QT dynamic parameters [27] . The lack of a significant difference between diffuse and limited subgroups could be due to worsening of the HRR index independent of the degree of involvement and, thus, may be an indicator of early-phase cardiac involvement. Klimiuk et al. [13] , using the Valsalva maneuver, reported a decreased ratio of the longest R-R interval to the shortest R-R interval in SSc patients compared to healthy individuals. Ferri et al. [15] , who performed HRV analysis during 24-hour ambulatory ECG monitoring in 30 adult patients with SSc, reported that time-domain and spectral-domain parameters were significantly lower in SSc patients.
Our finding that none of the patients had significant pulmonary function abnormalities detected by spirometry contrasts with the study of Pancera et al. [28] . They observed a negative correlation between HRV and respiratory parameters in SSc subjects, suggesting that impairment of respiratory function could be a cause of alteration in autonomic control and normal pulmonary structure required for the autonomic modulation of cardiac function. In our study, a probable explanation could be that blunted HRR indices might be an early sign of ANS involvement in SSc, prior to the emergence of respiratory abnormalities.
In our study, although peak exercise capacity and MHR were similar in the two groups, HRR indices were lower in patients with SSc, possibly indicating the presence and early blunting of autonomic dysfunction in SSc. Exercise capacity in patients with SSc is reduced due to pulmonary fibrosis, pulmonary hypertension and muscular involvement. In our institution, the clinical course of these patients is followed with the 6-min walking test. However, it has been shown that exercise capacity can decrease even without pulmonary involvement [29] .
The limitations of this study include the fact that it was based on cross-sectional data, the number of patients included was small and there was no information regarding any cardiovascular end points. Because of the limited number of patients due to several exclusion criteria, the findings of this study should not be generalized to all SSc patients. Larger studies with follow-up of cardiovascular end points are needed to better understand the pathophysiology of SSc and to enable accurate clinical decisions to be made.
Conclusion
SSc was associated with a delayed recovery of HR after graded maximal exercise. The prognostic significance of HRR in patients with SSc should be followed closely for adverse cardiovascular outcomes. Further studies are required to understand the pathogenesis and consequences of autonomic dysfunction in SSc.
